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Ln  t  r  odu  c  t  ion 

The  objective  or  this  contract  was  the  supporting  of  a  Post -Doctorate 
Assistant,  Dr.  Bertrand  Bovard,  from  the  Ecole  Nationale  Superieure  de 
Physique,  Mirseille,  France,  for  a  stay  of  one  year  at  Optical  Sciences 
Center  to  assist  in  the  development  of  a  rapid-scanning  spectrometric 
system  for  in  situ  measurements  on  optical  thin  films.  Dr.  Bovard  n.ad 
been  awarded  his  doctorate  in  Marseille  tor  work,  on  this  topic. 

Mono ch r  i ma  t o r 

The  measuring  system  was  largely  constructed  with  the  help  of  two  DARPA 
rontracts,  one  monitored  by  NWC,  China  Lake,  and  the  other  by  h'OSC,  San 
Diego.  it  consists  of  a  concave  holograpuic  grating  with  a  CCD  array 
detector  in  the  spectrum  plane.  The  grating  was  specifically  designed 
to  be  used  with  array  detectors  and  the  spectrum  plane  is  fiat  over  the 
width  of  the  detector.  A  spectral  range  from  approximately  150  am  to 
Ao.1  :i:a  is  scanned  by  the  system. 

Details  of  the  system  are  described  in  Appendix  1,  the  draft  of  a  paper 
that  is  being  submitted  to  Applied  Optics 


T fii  a  Film  M ensure  me  at  s 


Most  thin  films  are.  inhomogeneous,  especially  the  refracting  oxides. 

pcicoi  inhomogeaeity  is  difficult  to  measure  accurately  after 
deposition.  Aithougn  the  presence  ot  inhomogeneity  can  readily  be 
detected,  the  results  are  insensitive  to  the  specific  refractive  index 
or  ) r i 1 - . 

Thus ,  if  w  >•  ir--  t  i  ha/-,  information  about  the  variation  of  refractive 
;::dex  through  tne  film,  additional  information  is  necessary  and  in  situ 
me-  i  -u.r-nent  --  m  » d-  m  toe  coating  plane  during  deposition)  are 
p  ir*. »lar  ly  it  ve .  W-  must  make  the  assumption  of  film  stability, 

t:-..i-  is,  to  i*  nor: :  of  the  film  already  deposited  remains 

;  ■ :  - .  :  -  ...  -  •  mat-rial  is  added.  Results  that  obviously 

,  .  '.id  '  h  t  —  unstable  films.  We  find  that  well 

,  v .  ;  : :  .  ■  tit  riia  films  are  usually  stable  but  that 

■  .  •  .•  . .  •_  •  j<vc-n  deficiencies  car.  show  unstable 
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ne  case  o t  negligible  extinction  coefficients  the  derivation  of  the 
active  index  can  be  achieved  using  an  admittance  circle  method  based 
r  itss:  ssion  measurements  during  the  growth  of  tne  layer-5.  3ut  since 
interests  lie  more  in  slightly  absorbant  materials  sucn  as  oxides, 
ave  developed  a  technique  inspired  by  the  envelope  metnod  described 
anifacier  et  al  (6).  We  have  used  an  inhomogeneous  model  of  a  thin 
to  derive  the  retractive  index  and  the  extinction  coefficient 


mve  lope  metnod  in  the  inhomogeneous  case 
icier  et  a  1 0  have  fully  described  the  envelope  method  in  tne 
mg  c.ise  of  an  homogeneous  thin  film  where  only  transmission 
:r -serfs  a:-.-  required  for  the  derivation  of  n  and  A 

i..c»:.^n  to  an  inhomogeneous  model  was  presented  by  Arndt  et  al' 
n.’e  the  optical  constants  from  measurements  of  reflectance  and 
mittance.  In  tnese  studies  reflection  and  transmission  are 
o  e  r  d  as  functions  of  wavelength  and  their  envelopes  are  used  to 
. a ' -  tne  optical  constants.  To  obtain  the  profiles  of  the  optical 
-.'•c  s  ,  as  in  this  study,  we  considere:  the  envelopes  of  the  curve  of 
as  functions  of  thic<ness  fir  a  cloven  wavelengt r, .  «e 
a  "h  -  t  ;  on  fain  tne  dispersion  by  applying  the  same  metnod  to  a 
:  law;  rr  gens. 

:■  r  '  st  rat  -  t  n-  principle  of  tne  metnod  ana  give  the  ana. yea.  ca  1 
’  ••  '  ’  •  '  :  •'->  ->pt;  ta  1  constant  s. 


lot  roduction 


The  retractive  index  and  the  extinction  coefficient  of  a  thin  f  depen.: 
upon  tne  conditions  of  deposition  and  as  a  consequence  upon  t  he 
structure  of  the  film  itself.  in  the  case  of  oxides,  inhomogene: t ics  are 
largely  due  to  the  film's  columnar  structure  ^  and  to  the  variations  in 
degree  of  oxidation  throughout  the  layer.  The  derivation  of  their 
pretties  as  a  function  of  thickness  is  difficult  once  the  layer  has  been 
deposited.  furthermore ,  most  techniques  developed  to  measure  the 
retractive  index  are  carried  out  under  atmospheric  conditions.  Exposure 
ct  3  film  tu  tne  air  modifies  its  optical  properties:  the  voids  existing 
in  its  structure  tend  to  adsorb  moisture  and  an  oxidation  process  may 
i'-tur  tor  a  suboxid  .zed  layer,  changing  the  refractive  index  and  tne 
extinction  c oe f : icie n „ . - > J  Therefore  a  technique  taking  into  account  the 
ev  mutton  of  tne  transmission  of  a  layer  growing  in  vacuo  has  great 

advantages.  To  achieve  such  measurements  we  have  used  a  scanning 

/ 

m  on  r.  r  a  mu  t  o  r  system'*  which  provides  us  with  the  transmission  over  the 
'■■'.'itl-*  spe:t  rum  versus  time,  during  deposition.  Using  these  values  we 
"••t  •  ••  pe :  a  technique  for  deriving  tne  profiles  of  the  optica. 

tci>.  Alter  a  verification  of  the  optical  constants  determination 
'  ny  -mputer  simulation.  v~  nave  applied  t  r.-  memo:  is  various 

;  ~  liixi  l:c  diox.de .  Tnis  technique  cun  then  >  :s->  c  a  means 

ti-,..'  .ring  lie  «::•?;!  or.  tne  optica..  constants  o:  i  ::  in  a- v  or 

parameters  use.:  for  lie  coating  process. 
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Optical  Constanta  derivation  for  an  inhomogeneous 
thin  film  from  in  situ  transmission  measurements 


aova rd ,  F . J . 


Van  Mil  ligen,  M.J.  Messerxy,  S.G.  Saxe,  H.A,  Ma^leod 


University  or  Arizona 
Optical  Sciences  Center 
Tucson,  Arizona  35721 


>  1 1  ~  -i  _  constants  of  a  thin  film  depend  upon  the  structure  o.  t.^e 
c self.  A  technique,  based  on  transmission  measurements  carried 
vi  ;o,  has  been  developed  to  derive  tne  profixes  of  the  re-.rac.iVe 
uc :  extinction  coefficient.  The  interpretation  of  the  proti.es 
:  r.  i  irmxt.cn  on  t  he  La-'er  structure  m  vacuo.  .  ne  te.hn.que  .a  =  .  oe 
r,  a  me  ns  or  monitoring  tne  variations  of  the  optical  constants 
nnr.ges  in  the  deposition  parameters.  This  paper  present; 
cue,  wo.cn  is  basec  on  an  envelope  method,  and  gives  some 
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SHIFT  IN  WAVELENGTH 
WITH  PUMPDOWN  FOR 
A  NARROW  BAND  FILTER 


FIGURE  CAPTIONS 


Scanning  Monochromator  Flow  Diagram 
Spectral  Profile  of  Tungsten  Halogen  Lamp 
Spectral  Profile  of  Xenon  Arc  Lamp 
Appearance  of  Scanning  Monochromator  system 
Top  view  of  Scanning  Monochromator 
Flowcnart  of  Computer  Data  Handling  Program 

Example  of  Water  Adsorption  in  a  TiO,,  SiO,  Fabry-Peroc  Filter 
Variation  of  optical  constants  of  Ti02  as  the  film  is  being 
deposited.  Upper  curve  corresponds  to  n,  lower  curve  to  k. 
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In  che  following  we  shall  assume  that  we  are  dealing  with  a  high  index 
layer  so  chac  C,  is  negative.  Then  the  two  expressions  of  the  envelopes 

be  come  : 


*■  max 


■  min 


16no3sninnoute2lS: 
(C,  t-  C ,  e26: )i 

16nonsnlnnoute2il 
(C.  -C,  e25:)2 


These  two  equations  are  used  to  determine  the  outermost  index  for  each 
instant  during  film  deposition.  They  are  also  used  to  calculate  the 
extinction  coefficient  at  tne  quarterwave  points. 

However,  ail  these  derivations  are  possible  only  if  we  make  a  very  basic 
assumption  about  tne  stability  of  tne  layer  during  deposition.  .ms 
assumption  is  simply  that  the  Innermost  index  does  not  vary  during  the 
growt.n  of  tne  :i.3.  The  profiles  of  tne  optical  constants  can  then  De 
derives  and  considered  as  functions  of  thickness  instead  of  time. 


We  sr.ai  1  not  go  cnrougn  tne  details  or  the  derivation  and  we  shall  only 
give  the  analytical 


expressions  for  the  innermost  and  outermost 


index. 


rhe  geometrical  thicxnesses  and  tne  extinction 


ref  nctive 
coefficient  profile. 


The  expression  of  the  innermost  refraccive  index  is  obtained  assuming  n^n 
=  n  _  and  d  =  0  so  that: 
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\  NJ 


where  N  = 


n*s 


Znons 


Tmax-Tmin 
'  Tmax  Tmin 


"he  expression  of  the  outermost  refractive  index  is  then: 
~ninnsno  Tmax-Tmin 


■>u  t 


■‘in  s 


t  r  n3l  l-t-An^.-n^/  Tmax- i.  min ,  ,  t 

Tmax  i  min  13  s(  imax  Tmin }  1 “m  s  > 


-s  calculable  only  if  we  know  the  innermost  index  value 


Provided  we  assume  the  innermost  index  is  stable  we  can  calculate  the 
profile  of  the  refractive  index  of  an  inhomogeneous  layer.  Note  that  it 
requires  tne  knowledge  of  the  substrata  refractive  index,  which  can  be 
measured  independently,  buc  it  does  not  require  the  value  of  wavelength. 

*>  i 1  so  require  the  geometrical  thickness.  Since  we  are  dealing  witn 
.ow-  ibsorption  materials,  the  extrema  of  transmission  occur  when  the 


: :  '  i  4  ■: k. n ess  of  ;ae 

layer  is  a 

multiple  of  a 

qua  rt  er  wave  . 

r>  : s  :  ne  3 r  i e r  of  - ne 

e  re  mum 

m=  1  indicating 

:ne  flrsc  nininuzj; 

tne 

r  -  -  -i  - -  a :  *:£  n  ;.i  *. 

1 nic <nes s 

:s 

'  d 

n(  z )dz 

-*r> 


since  calculation  of 


n(z)dz  is  impossible,  we  make  an 


approximation  and  write  that  o  *  —  n(u)du  where  t  is  the  instant 

c  i  0 

when  the  extremum  occurs. 


This  is  equivalent  to  assuming  that  the  rate  of  deposition  (change  in 
thickness  per  unit  time)  is  constant.  The  assumption  is  reasonable 
necause  our  deposition  rate  is  automatically  controlled. 

*'ith  regard  to  the  profile  of  extinction  coefficient  we  note  first  that  a 
mean  value  of  the  extinction  coefficient  can  be  derived  each  time  we 
■each  a  new  quarterwave: 


A 

u  *d 

Log 

a(dj  with 

DU*,  since 

t  he 

function 

:ne  layer, 

we 

can  also 

ir:  express 

A 

.  on 

giving  tn 

d  a 

C,[  l-(Tmax/Tmin)1/ 
Cj(  1-KTmax/Tmin )  V1  ] 


,  ,  kd 
exp  (~^i  —) 

A 


the  function  a  is  available  at  any  instant  during  the  growth  of 
,  we  can  also  calculate  its  derivative  versus  time  and  obtain 
;.on  giving  tne  profile  of  extinction  coefficient. 


•-  a(z,  d: 


wnere  z  is  tne  tru.cK.ness  of  tne  *ayer. 


•  ruse  of  the  derivative,  this  expression  presents  some  sensitivity  to 
:  . r s  D  .t  can  still  oe  used  to  obtain  an  indication  of  the  absorption  of 


11.2.  Stability  of  deposition  and  conclusion 

Provided  we  know  the  envelopes  of  a  curve  of  transmission,  using  these 
analytical  expressions  we  are  able  to  derive  the  optical  constants.  But 
tie  necessity  of  knowing  the  envelopes  as  functions  of  t hicknes s  leads 
us  to  a  very  basic  assumption  concerning  the  stability  of  growth  of  the 
layer.  Tin  envelopes  calculated  using  the  measured  transmission  versus 
time  are  usable  if  they  do  not  shift  during  the  deposition  process,  which 
means  t  na :  an  earlier  part  of  the  layer  is  not  modified  during  the 
deposition  of  a  later  part. 

It  is  easy  to  foresee  the  importance  of  having  an  accurate  way  of 
determining  extrema  of  the  transmission  curves.  Their  precise 
estimation,  both  value  and  position,  demanded  that  we  consider  some 
numerical  treatments  of  the  raw  data  before  calculating  the  envelopes 
fitting  tnese  points.  We  present  in  the  next  section  the  data  processing 
techniques  developed  together  with  a  justification  of  their  validity  and 
of  tne  expressions  presented  above. 
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.11.  ..  oaoocrung  z  :\n  :  *  *  r  r  :  r  io  ^ 

’■liny  net  hods  are  available  :  .  r  -,3,  nut  r  .  ■ 

sraootn  without  distorting  tne  .:  irve.  ?or  :  ui  re  \  ■>  n  .  «■■  :••  :  .->•• 

i  filtering  method  based  on  i  finite  impulse  'np-or  r i '.  *  *  r  i. 
t  i  nave  a  line  tr  phase  and  an  extremely  flat  low  -p  ass  2 1::.:.  «e 
avoid  any  distortion  introduced  by  a  nonlinear  prime  and  the  at  t- nua:  ion 
doe  t ;  a  nonflat  passband.  The  filter  does  still  introduce  >  do .  »y 
•’dual  to  tne  derivative  of  its  phase  versus  frequency,  but  this  delay  is 
■  .cist  m:  md  is  corrected  in  the  computation  by  an  entire  shift  of  tne 
:rve.  “)» tails  of  this  type  of  approach  are  given  in  (9)  which  inspired 
'  :.e  present  design  and  so  we  Limit  our  description  to  demonstrating  its 
a  Dp  i  i •  it  ion  to  a  r  •  -  a  1  signal  in  Figs.  I  and  2. 


i.  -.it '-i  and  used  :  3  describe  me  segment  between  the  second  and  taird 
.•  •  This  operation,  ls  repeated  until  the  entire  curve  is  produced. 

’’.I.  .  Ve r : r  tea t ion  .and  precision  of  the  technique 

Toe  validity  of  the  expressions  for  the  refractive  indices  and  the 
-•xt  .net:  an  coefficient  has  been  checked  by  some  simulations,  the  results 
whicn  are  presented  here. 

r:.g:  sa  able  to  handle  variable  optical  constants  has  been  developed 
:  o  ■•nmpute  the  evolution  of  the  transmission  of  a  coated  substrate 
Turing  growth  of  a  thin  film.  The  profiles  of  the  optical  constants  are 
tea  into  tne  program  which  divides  the  inhomogeneous  layer  into  a  stack 
homogeneous  sublayers  each  of  thickness  lnm.  The  transmittance  is 
then  r-coriei  on  dis>c  files  exactly  as  when  the  scanning  monochromator 
ls  used.  Tne  optical  constant  determinarion  program  is  then  used  to 
-.■impute  the  index  and  es'imatioo  coefficient  profiles.  Their  comparison 
w ; t n  tne  original  ones  verifies  the  accuracy  of  the  technique.  Our  goal 
w is  also  to  show  it  is  possible  to  separate  the  inhooogeneity  of  the 
retractive  index  from  the  extinction  coefficient.  Of  the  many 

■imputations  that  have  been  performed  we  simply  show  two  of  the  most 
::.i:  ict-ri.stic  ones. 


;>•  i : it  Lest  ;,a»e  is  that  of  a  homogeneous  layer.  Taking  starting 
i.  im  ->  >r  n  *  _.  :  and  .<  -  I  )“*,  the  optical  constants  were  calculated 
'  w  )  w  i  ve  lengths  and  800  nm  and  the  indices  found  were  to  be 

.  •  .  .  -  ) :  t  if  initial  va.ue.  bs  foreseen,  tne  etficiencv  or  the 


CO  3 


i .  j  l..i :  ion  of  the  extinction  coefficient  was  not  as  good,  leading 
1  relative  error. 


1  ■  test  t  ne  derivation  in  the  case  on  an  inhomogeneous  layer,  an 
irmtrary  curve  of  refractive  index  was  chosen  to  compute  the  evolution 
>:  :  r -ins mission  :  md)  *  2  t-  0.3  exp  (-d/200)  where  d  is  the  thickness  of 
t  .h  .ayer.  The  extinction  coefficient  was  assumed  constant  equal  to 
.  ,  lahle  .  snows  the  calculated  results  for  two  wavelengths.  The 

.  imns  in.'^  n^n  etc.  list  the  error  in  the  determination  expressed  as  a 


TABLE  1 


Wavelength 

,nn) 

nin 

Anin' nin 

nout 

^nout 1  nout 

K.  Ait/R 

uOO 

1.297 

0.152 

2.012 

0.092 

1 .03x  10-J  7  2 

300 

2.235 

1  2 

2.025 

0.7  2 

0- 1. 7x 10_) 

Results  of  simulation  calculations 


eS't  r  -s; 


.ts  indicate  chat  we  can  expect  acceptable  accuracy  in  the 


ft  active  index  profile  using  this  technique.  It  is  important  to  note 
at  me  mgner  accuracy  corresponds  to  the  shorter  wavelength.  This  is 
e  to  the  greater  number  of  extrema  at  the  shorter  wavelength,  which 
.".•rues  more  information  so  the  envelopes  calculated  have  a  more  exact 
si :  ion.  Thi  s  inaccuracy  of  the  envelopes  leads  to  questionable  values 
-  xt '.net  tor.  coefficient  for  the  longer  wavelength.  These  results  are 
t  irons  ly  true  only  for  the  cases  considered  but  they  strongly  suggest 

a:  we  can  generally  expect  from  this  method.  Tne  relative  accuracy 
me  refractive  index  depends  also  upon  the  quality  of  the 
it: smittance  measurements:  it  ranges  from  WT/T  to  SaT/T  where  aT/T  is 
-  relative  accuracy  achieved  in  the  transmittance  measurements. 


experimental  results 


-  optical  constant  determination  has  been  carried  out  for  titanium 
jxide  layers  only.  We  will  present  the  results  obtained  with  two 
recent  layers,  me  first  layer  fitting  the  model  used  in  this 
v  it  i  an  and  the  second  oeing  unstable. 


at  »rc:ng  material  used  m  our  experiments  was  Ti,0,  evaporated  bv 
:t  r  on  oomo.tr  iment  onto  a  glass  substrate. 


e  first  .ayer  we  consider,  tne  oxygen  partia.  pressure  was 


mbar  and  tne  '.number  temper  at; 


o  g  tne  ieposi'i on . 


d  from  cum 


I 

The  profile  of  refractive  index  and  of  extinction  coefficient  are  plotted 
in  Fig.  3  for  the  wavelength  678  nm.  The  thickness  of  the  layer  is  670 
the  inner  index  is  3.135  and  the  outermost  index  1.794.  The  layer  is 
in.no mo geneous ,  as  expected  for  an  oxide  layer,  and  sligntly  absorbent. 

» 

The  o or  re iat ion  between  index  and  extinction  coefficient  can  be 
interpreted  as  an  increase  of  the  degree  of  oxidation  with  the  thickness 
of  trie  layer  and  is  a  decrease  of  the  pacxing  density  due  to  a  conical 
form  of  the  columnar  structure.  It  is  difficult  to  choose  which  has  the 
primary  -tract. 

I 

Fig.  -  gives  the  dispersion  of  the  innermost  and  outermost  refractive 
indices.  A  high  dispersion  for  the  outermost  index  suggests  a  more 

Tos  orb.ant  outer  part  of  the  layer.  ^ 

The  .  ayer  ippears  to  be  stable  and  therefore  our  results  indicate  that 

it  is  m  in, Homogeneous  layer  showing  a  decrease  in  its  packing  density  l 

im  i  i-crease  m  its  oxidation  degree  in  the  direction  of  growth. 


n*  examine  an  unstable  layer.  This  layer  was  deposited  in  a  chamber 
a:  i  :  -mper  at  are  of  ZoO°C  in  tne  presence  of  oxygen  at  a  partial 


pressure  ) :  . .  ;  .  .  '  m oa r . 


Th  i  ■>  a '  mo  s  p  me  r  e 
im.h  '  and  i  t  ions 
.  .  m>-  ,  •  ,  :  rp  1 1  on 


was  intentionally  defi 
for  *he  deposition  of 
in  i  1  aye  r .  *>  .are 


:ient  in  oxygen  compares  wit n  the 
titanium  dioxide  and  we  expected 

* 

not  disappointed  as  snown  Fig.  3 


t  n  e 


:  ir::wrnore  mo:  r.e  r  ?he  n^as:io:i  v.'e:s  :  j  :  n  r  .  .  cur  ve  or 

c n c  c  i  ^n  c o—  r  r  i c ie n  t  i  i .  .  i  w  1 1  n  :  m  c  x.  i :e s  *  y*  i  r  is  i  va .  :  e  w  m  ■_ . »  -  ou  *  d 

:’  be  ; .)  ,3c  ne  ga t .  v- .  r  hi  s  i  s  i  1  ms:  ceruir.A/  me  ot  m si. 131*1: y 

t:i-  oxidation  of  the  '.aver:  starting  with  a  nigh  deficiency  or  oxygen 
inner  part  of  :ne  fils  is  gradually  oxidized  as  the  layer  grows, 
s  defeats  me  tecwique  presented  here  since  the  ext  read  used  to 
:  ■  i  1  a:—  the  •' o  . e  . o  t>_- s  ire  '..tanging  with  the  o.ddation  or  the  laye  r  ana 

j  be  :  i use  . h  i  ■•  >  »ss  ise-.!  tne  innermost  refractive  index  to  be 

st  me.  me  real  c.rve  is  impossible  to  obtain  but  we  cm  expect  mat 
would  present  1  less  innnaogeneous  profile. 

r.  r  experiments  nave  been  circle  1  out  to  understand  the  limitations  of 
s  method.  The  instability  of  the  layer  can  manifest  itself  by  the 
;  r  1.0  ce  of  negitive  extinction  coefficients,  by  thicknesses  varying 
wivelengtn  or  by  very  misshapen  profiles  of  in^ex.  Nevertheless, 

1  p p . :  ration  of  mis  technique  to  stable  layers  gives  very  interesting 
u.cs.  Tne se  cm  give  information  on  the  structure  of  the  layer  in 
•a->  j:  packing  density  as  well  as  in  terms  of  degree  of  oxidation.  It 
i.s;>  important  to  know  that  layers  can  be  unstable  and  to  be  able  to 
mime  su  on  an  ir.se  ability.  Further  work  is  required  in  this  area, 
-.on-  -  hat  eventually  it  may  be  possible  to  distinguish  an  instability 
r.  i  a  t  r  uc  t  j  r  a  1  rearrangement  from  a  reoxidation  or  some 
•  >'  must  portions  0:  c  ne  til  m. 


Ini  •;  me  c  hud  has  been  developed  for  layers  presenting  a  high  index,  a 
s  :na  1 1  Homogeneity,  and  a  small  extinction  coefficient.  it  permits  the 
determination  of  the  profiles  of  the  optical  constants  and  the  dispersion 
or  incex  in  vacuo  provided  the  assumption  of  stability  is  fulfilled.  It 
.  cent i ties  layers  that  are  unstaole.  it  maxes  possible  the  study  of  tne 
.•  triutions  of  the  optical  constants  with  changes  in  the  deposition 
p  k‘  i  t.*?  c  r  . 
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o c  or  noisy  signal.  The  extrema  are  difficult  t:  determine 
t. n  3. ccurac y . 

ter  filtering,  the  extrema  have  been  extracted  from  the  noise 
thout  distorting  or  attenuating  the  transmission  curve. 

extinction  coefficient  for  a 
('Upper  curve  reoreserts  n, 

spersicn  of  innermost  and  outermost  refractive  index  for  a 
able  layer  of  titanium  dioxide. 

ample  of  result  given  by  the  method  when  applied  to  an  unstable 
yer.  Titanium  dioxide  layer  deposited  in  an  oxygen  deficient 
mesphere . 


of  iie  of  retractive  index  and 
able  titanium  dioxide  laver . 


FILTERED  TRANSMISSION 


Alter  filtering,  t  lit*  extrema  have  been  extracted  1  rum  the  no 
without  distort  ing  or  attenuating  t  lie  transmission  curve. 
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